fibroblasts and lung epithelial cells under a range of conditions. 8 Furthermore, the quantity of ROS is increased in culture medium, and there is an additional increase in the presence of ultraviolet light. 8 Importantly, ex vivo ROS generation from TNP correlated with biological responses that included membrane damage. Overall, there appears to be enough evidence to implicate NP/ATNP surfaces in oxidative damage of biological material even in the absence of light. [5] [6] [7] [8] 12 In mice, detrimental effects were observed in the offspring of treated females after prenatal exposure: at a total dosage of 400 µg (in four injections), ATNP administered subcutaneously over an 11 days period postcoitum resulted in damage to the cranial and genital system in male offspring at postnatal day 4 and postnatal week 6. 7, 13 In this offspring ATNP were detected in Leydig cells, spermatids and Sertoli cells, and the seminiferous tubules appeared disorganized. 13 Interestingly, in vitro study showed uptake of TNP in mouse Leydig cells with an effect on viability, proliferation and gene expression, 14 although TNP is less cytotoxic than AgNP in these cells. 15 To date, two studies have investigated the effects of TNP on the adult male reproductive tract: sexually mature mice were administered high doses of TNP via INTRODUCTION Titanium dioxide (TiO 2 ) nanoparticles (TNPs) are commonly used in consumer products such as cosmetics and medicines 1 and in photocatalytic applications for environment remediation 2,3 where they are difficult to remove after water treatment. 4 Thus, it is important to fully assess the biological effects of exposure to these nanoparticles. To date, only few studies have investigated their effects on the reproductive system which is known to be sensitive to both carbonaceous particles, and metal-based nanoparticles.
INTRODUCTION
Titanium dioxide (TiO 2 ) nanoparticles (TNPs) are commonly used in consumer products such as cosmetics and medicines 1 and in photocatalytic applications for environment remediation 2, 3 where they are difficult to remove after water treatment. 4 Thus, it is important to fully assess the biological effects of exposure to these nanoparticles. To date, only few studies have investigated their effects on the reproductive system which is known to be sensitive to both carbonaceous particles, and metal-based nanoparticles. [5] [6] [7] Recent reviews [5] [6] [7] have highlighted the limited knowledge that exists regarding reproductive toxicological effects of TNP and have suggested "the relevance of the topic makes future investigations a matter of urgency. " 6 Although there are several forms of TNP, rutile and anatase TNP (ATNP) are the main polymorphs that are manufactured commercially and the latter has been shown to have a higher photocatalytic activity than the rutile form.
intraperitoneal injections (200-500 mg kg −1 body weight [BW]) 16 or oral gavage (40-1000 mg kg −1 BW) 12 and showed decreases in sperm count and motility and induced germ cell apoptosis, 16 along with increased frequency of spermatids with 2 or more nuclei. 12 The present study was performed to examine the effects of ATNP in adult mice, using lower dosages (>200 times lower) than previously administered intraperitoneally, to determine if ATNP bioaccumulate in the scrotum and impact sperm after long-or short-term exposure. Long-term exposures were selected to include a timeline for the completion of spermatogenesis (>35 days 17 ) postadministration while short-term exposures occurred during the ~ 5-10 days required for epididymal sperm maturation. 18 Our results show that these smaller ATNP doses travel from the peritoneal cavity to the scrotum where they aggregate, impact testicular histology, and adversely affect sperm structurally and functionally 4-8 days, but not 10-38 days, postinjection. Motility defects were associated with increases in ROS, suggesting that oxidative stress may be the underlying mechanism for the induction of the abnormalities.
MATERIALS AND METHODS

Animals and reagents
Sexually mature 3-6 months old male outbred mice (ICR and C57BL/6 strains; Harlan, Indianapolis, IN, USA) were randomly chosen for the investigation. Studies were approved by the Institutional Animal Care/Use Committee at the University of Delaware. Chemicals were purchased from Fisher Scientific (Malvern, PA, UK), Sigma-Aldrich (St. Louis, MO, USA) or Invitrogen (Carlsbad, CA, USA), unless otherwise specified.
Anatase titanium dioxide nanoparticles preparation
Anatase TNPs were synthesized by a chemical vapor deposition process (CVD), using titanium tetraisopropoxide (TTIP), 97% purity, as a precursor with oxygen and argon gases as oxidizer and carrier gases. Details of this synthesis have been previously described. 19 Briefly, the CVD system is a hot wall system comprised of stainless steel tube reactor which was maintained at 600°C. A mechanical pump was used to pump the reaction chamber down to a few millitorr base pressure. The liquid TTIP was placed in a heated round bottom flask; 99.999% pure Ar (Keen Gas) was used as the carrier gas by bubbling it through the TTIP. The precursor flow rate was adjusted by changing the flow rate of Ar through the bubbling chamber. O 2 was added to the Ar/TTIP mixture in the reactor chamber for the TiO 2 formation. TNP was collected on several layers of 400 mesh stainless steel screens, to increase collection efficiency. Samples were analyzed by X-ray diffraction and show typical anatase diffraction pattern. No rutile related diffraction peaks were observed. The particle size of the ATNP was 50 ± 8 nm.
Dosage concentrations and injections
Males (~25 g) were randomly selected and injected intraperitoneally with 0.1 ml of phosphate buffer saline (PBS) (vehicle control) or 0.1 ml PBS containing 62.5 μg (low) or 125 μg (high) of 100% ATNP suspended in the solution without sonication. Injections were given at the same time daily for three consecutive days, with the working solution freshly made from stock. Dosages were 2.5 and 5 mg kg −1 BW.
Study design and tissue recovery
For the long-term arm, a total of 36 mice were used in four groups of nine. Each group consisted of 3 males injected with PBS, 3 with the low, and 3 with the high ATNP dose. One of the four groups of nine was sacrificed on 1, 2, 3 or 5 weeks after the third injection.
For the short-term arm, males were sacrificed after 24, 48 or 120 h postinjections. For this arm 30 mice were used to study the dosage effect on sperm morphology, progressive motility, and the acrosome reaction (AR): 10 control mice, 9 exposed to the low and 11 to the high ATNP dose. Additionally, 22 mice (totaling 52 in the short-term arm) were used to study the effect of the high dose on hyperactivated motility (7), ROS levels (7), and apoptosis/mitochondrial membrane potential (MMP) (8/6) after 120 h. Thus a grand total of 88 mice were used in the study, 85 of which were of ICR, and 3 of C57BL/6J, strain.
The three C57BL/6 males were in the short-term arm: 1 in the 10 control and 2 in the high exposure 120 h group where there were a total of 11. No strain differences were detected in the response to ATNP. Mice were sacrificed (CO 2 asphyxiation) and scrotal tissue examined before removal. Scrotal adipose tissue of a male in the 120 h group revealed white spicules. The tissue was removed for sectioning and analysis, using transmission electron microscopy (TEM). Testes were weighed and immediately fixed in 10% Bouin's solution or 4% paraformaldehyde (frozen sections) for histological analysis. Sections for light microscopy were routinely prepared and stained in hematoxylin and eosin (H and E). Terminal deoxyribonucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assays were performed on frozen sections, routinely prepared, with the ApopTag Fluorescein In Situ Apoptosis Detection Kit (catalog no. S7110, Millipore, USA).
Transmission electron microscopy
Testes and scrotal adipose tissues were placed in fixative (2% glutaraldehyde and 2% paraformaldehyde in 0.1mol l -1 sodium cacodylate buffer), cut into small pieces, and held at 4°C until further processing. The fixed tissues were subjected to a series of washes consisting of 0.1 mol l −1 sodium cacodylate buffer, osmium tetroxide, double deionized water and EtOH in which it was allowed to sit overnight at 4°C. They were infiltrated with a series of washes consisting of Embed-812 resin (with and without DMP-30 component) and 100% EtOH and allowed to sit overnight. The tissues were then infiltrated with fresh resin which was set into BEEM capsules and allowed to polymerize for 48 h at 70°C. Sections of tissues in polymerized resin were analyzed via TEM for the presence/absence of ATNP. To assist in the identification of the ATNP in sections, the stock solution of the ATNP used for injections was also subjected to TEM analysis.
Recovery of serum and epididymal tissues for cytokine evaluation
Approximately 400 µl of blood was collected and pooled from each of 4 treated (high dose) and 4 control males at 120 h postinjection via orbital bleeding, and serum recovered. Epididymal luminal fluids (ELF) and tissues were collected from all epididymal regions and tissue lysates prepared as described. 20 Serum diluted (5-fold) and 500 µg of total protein from ELF and tissue lysate were hybridized to a glass chip G-series inflammatory antibody array (RayBiotech, Norcross, GA, USA) according to manufacturer's guidelines. Fluorescence intensity was analyzed using a microarray scanner and software used to calculate the mean intensity of each spot minus background.
Sperm recovery, analysis of motility (progressive and hyperactivated) and structural defects Caudal epididymides were removed and placed in 1 ml of human tubal fluid (HTF, with HEPES [InVitroCare, Frederick, MD, USA]) warmed to 37°C. Minced caudae were left for 10 min to allow sperm to swim out. The sperm suspension was aspirated for further processing. An aliquot was diluted and assessed (blindly) for progressive motility and morphology, using a hemacytometer, with ≥ 200 sperm per sample. Of the motile sperm counted, ~50 in each quadrant of the hemacytometer were analyzed to detect excess residual cytoplasm (ERC) or cytoplasmic droplets, noting their sizes and locations.
To assess hyperactivated motility, sperm collected at 120 h were incubated under capacitating conditions (HTF medium) for 90 min at 37°C. An aliquot was then diluted 1:100 with prewarmed HTF and placed on a slide prewarmed to 37°C. Motility was determined after microscopic examination (blindly) for ~ 200 sperm per sample. To assess sperm morphology following incubation under capacitating conditions, an aliquot of the sperm suspension was fixed (4% paraformaldehyde) mounted on slides and stained with Coomassie Brilliant Blue. 21 Sperm (≥200 sperm per sample) were analyzed blindly for morphological abnormalities.
Hyaluronic acid-enhanced progesterone-induced acrosome reactions
Acrosome reaction was induced under physiological conditions as previously described. 22 Briefly, samples of ~ 2.5 × 10 5 sperm in HTF were incubated at 37°C for 45 min, and treated with 100 µg ml −1 hyaluronic acid for 30 min followed by progesterone (PG, 3.18 μmol l −1 for 5 min). Sperm were then pelleted (500 g, 15 min) and re-suspended in 4% paraformaldehyde at room temperature overnight. A 1:5 dilution of the sperm suspension was prepared with PBS and 20 µl smeared on a slide, dried and stained with Coomassie Blue and then examined microscopically (blindly) to determine the percentage of acrosome-reacted sperm and those with ERCs in ≥200, from three slides per animal.
Detection of reactive oxygen species and mitotracker staining in sperm collected at 120 h postinjection
To investigate the mechanism by which reduced motility was induced, a ROS detection kit (Cell Tech, Inc., Mountain View, CA, USA) measuring diverse species was used to determine ROS levels. Briefly, aliquots (3 × 10 6 -5 × 10 6 ) of freshly recovered caudal sperm in PBS at 37°C were loaded with the hydroxyphenyl fluorescein probe diluted 1:130 23 and incubated at 37°C in the dark for 45 min. Cells were then placed in HTF medium and incubated at 37°C for 90 min after which PBS was added and 5 × 10 4 cells analyzed on the flow cytometer: excitation at 488 nm and emission at 515 nm. MMP was measured as previously described. 24 Briefly, aliquots of capacitated sperm were washed in PBS and incubated in a prewarmed PBS solution containing 250 nmol l −1 MitoTracker Red CMXRos, at 37°C for 30 min. They were then washed twice in PBS and subjected to flow cytometric analysis: excitation 532 nm, emission 600-620 nm.
Statistical analysis
Data were processed using Student's t-test and chi-squared (χ 2 ) analysis with Yates' correction. To determine a correlation between the sperm's inability to acrosome-react and ERC's presence, the Cochran-MantelHaenszel analysis for repeated tests of independence with continuity correction was used.
RESULTS
Transmission electron microscopy reveals that anatase titanium dioxide nanoparticles aggregate and bioaccumulate in scrotal tissue with resulting inflammation
There were no significant differences in the average testis weights (0.08-0.13 g) for treated and control groups. TEM revealed the crude, physical appearance of the ATNP (Figure 1a) and facilitated their identification in scrotal adipose tissues. While no particles were detected in the testis sections, TEM of adipose tissue sections containing the white spicule revealed aggregates of ATNP (Figure 1b) , comparable to those detected in the ATNP solution that was injected (Figure 1a) .
The spicule was visually identified in the adipose tissues surrounding the testis and epididymis of a mouse exposed to the high dosage of ATNP 120 h postinjection. This TEM finding indicates that ATNP are transported from the peritoneal cavity to the scrotum where they bioaccumulate or aggregate around testicular and epididymal tissues. Evidence of ANTP's presence in the scrotum is seen by changes in the epididymal inflammatory status at 120 h postinjection. The most striking differences in the cytokine profile for serum, epididymal tissues and ELF for treated and controls are seen in Figure 1c and 1d. Fold change increases ranged from 1.9 to 2.8 for 4 cytokines (Figure 1c) and decreases from 2.3 to 16.2 for 5 (Figure 1d ).
Histological analysis revealed testicular abnormalities after exposure to anatase titanium dioxide nanoparticles
Hematoxylin and eosin stained testis sections revealed interstitial spaces which, compared to controls (Figure 2a) , were enlarged after treatment with both dosages (Figure 2b and 2c) . Males sacrificed at 120 h postinjection showed the effects with the high dosage, while with long-term exposure (weeks 1-3) they were seen with both dosages. Additionally, the seminiferous tubules in the treated groups, when compared to controls, had large spaces devoid of germ cells and appeared disorganized (Figure 2b and 2c) ; while the TUNEL assay (Figure 2d-2j) showed significantly increased numbers of apoptotic germ (P = 0.002, P = 0.04) and interstitial space cells (P = 0.04).
Analysis after long-term exposure: sperm are unaltered structurally and functionally Microscopic analysis revealed similar percentages (17%-30%) of sperm with ERC in each of the 4 weeks where > 1800 sperm were analyzed in the two dosage and the control groups from 9 males. Thus there was no significant differences between the controls and treated in the 36 males tested. Similarly, the percentages (30%-50%) of motile sperm in each of weeks 1, 2, 3, and 5 postinjection showed no significant differences between control and test groups. We then tested the ability of sperm to acrosome-react after exposure. Acrosome-unreacted and -reacted-sperm were identified by the presence (Figure 3a) or absence (Figure 3b ) of a stained (blue) acrosomal cap. No significant differences in the rate of AR were detected for the low (42%-51%) or high (49%-50%) doses versus controls (46%-47%) for the periods studied (weeks 1, 3, and 5).
Acrosome reaction and motility rates are significantly reduced after short-term exposure An unbiased analysis of sperm (Figure 3a and 3b) on coded slides revealed that the rates of AR induced physiologically were highest in the controls (41.7%, 69.5%, and 55.9%) for the three short-term periods (Table 1a ) and similar to those in the long-term arm (42%-51%). However, AR rates were 30.6%-54.8%, for the low and 29.7%-36.6% for the high dosages (Table 1a) . Chi-squared analysis revealed a highly significant (P < 0.001) difference between total controls and treated groups. Importantly, 3 × 2 contingency tables showed there was a significant relationship between the rate of AR and dosage for the grand total (χ 2 = 164.93, P < 0.0001), the 48 h (χ 2 = 15.86, P < 0.0001), and 120 h (χ 2 = 53.39, P < 0.0001), but not the 24 h group (χ 2 = 0.52, P = 0.4708), indicating that length of exposure is a factor in the disruption of the sperm's ability to acrosome-react after treatment. Progressive motility rates (Table 1b) showed a significant (P < 0.001) decline between the control and the low, but not the high, dose at 24 h. At 48 h there was a significant (P < 0.001) decline between the controls and the high, but not the low, dose. Although at 120 h both treated groups has reduced motility compared to the controls, with the rate for the high dose being lower than that for the low, there was no significant difference between the groups (Table 1b) . Consequently, we studied hyperactivated motility at 120 h for the high dosage and control groups. The latter showed a mean percentage rate of 46.1% (39.5%-52%) in contrast to 15.8% (14.1%-18.4%), for the treated group. The difference between these frequencies is highly significant (χ 2 = 285.2; P < 0.001).
Structural sperm defects significantly increased after short-term exposure Structural abnormalities detected included flagellar kinks (Figure 3c and 3d) , coiled (Figure 3e and 3f) and folded tails (Figure 3g and 3h) which often contained ERCs in different positions (Figure 3g, 3i and 3j) . The frequencies of ERCs, the most common abnormalities, are presented in Table 2a ; while the others showed ~ 3-fold increases in the treated groups (71.8% and 83.4%) for the low and high doses versus control (24.6%) at 120 h. A contingency table showed that there was a significant relationship between dosage and frequency (χ 2 = 57.31, P < 0.0001). Slides with the data at 24 h and 48 h were only partially analyzable.
Excess residual cytoplasms (Table 2a) were observed in the same plane (Figure 3g) , under a convex curvature of the midpiece (Figure 3i) , or resting in a concave curvature (Figure 3j) , and least common were those on the neck (not shown). Importantly, they increased in severity with dosage: for the high dosage group ERCs were larger and more proximally located at the neck in 16% of the sperm, versus 2% and 0% in the low dosage and control groups. Interestingly, sperm with all four types of ERCs uniformly retained the acrosomal cap (Figure 3g-3i) when analysis was performed on sperm stained to detect AR rates.
Frequencies of ERCs were similar for the control groups (8.8%-11.3%) for the three periods (Table 2a) . At 24 h, while a 3 × 2 contingency table did not show a significant relationship of ERC rate and dosage (χ 2 = 2.19; P = 0.1389), the 34% rate at the high dosage is highly significantly (P < 0.001) increased over the control (Table 2a) . However, at 48 h (low [23.6%] and high [23.4%] dosages) and 120 h there was a highly significant relationship between ERC frequency and dosage (χ 2 = 17.17, P < 0.0001), (χ 2 = 77.48, P < 0.0001; Table 2a ). Over time low dosage rates (5.9%-32.8%) showed a highly significant (χ 2 = 44.39; P < 0.0001) increase of ERCs with exposure period (Table 2a), confirming that ATNP alters sperm maturation in the epididymis where ERCs are usually lost, 25 although they are also considered to be phagocytosed in the testis by Sertoli cells.
26
Correlation between the rates of excess residual cytoplasm and the inability of sperm to acrosome-react To test for a correlation between ERC and inability to acrosome-react, induced sperm were re-analyzed and placed into one of four categories: presence/absence of ERC each with/without AR ( Table 2b) . A summary of data in Table 2c reveals that ERCs were seen in 16.2% of acrosome-reacted sperm compared to 83.8% of unreacted sperm, while none were seen in 46% and 54% of acrosome-reacted and unreacted sperm. The correlation between ERCs and the inability to acrosome-react was shown to be highly significant (P < 0.001) using the Cochran-Mantel-Haenszel test for repeated tests of independence with continuity correction.
Reactive oxygen species and mitochondrial membrane potential levels (via Mitotracker) in sperm from treated males at 120 h postinjection To determine the possible mechanism by which motility is lost after ATNP exposure, ROS was evaluated in sperm from 4 control and 3 treated males (high dose) 120 h postinjection. Flow cytometric analysis revealed that all treated animals had sperm with higher ROS levels than controls, as quantified by fluorescence intensity. Figure 4a shows significantly (P < 0.00001) increased fluorescence in treated versus untreated sperm, compared with the absence of the probe. For all samples, the average fluorescence units showed a > 2-fold increase in sperm from the treated versus control, while the percentage of MitoTracker-negative cells (Figure 4b) , reflecting a decrease in MMP, increased significantly (P < 0.05) in the treated group.
DISCUSSION
Our study shows, via TEM analysis, that ATNP deposited in the peritoneal cavity can travel to the scrotum where they aggregate in adipose tissues surrounding the testis and epididymis. This was seen in the short-term arm after 8 days postinjection of the high dose. That only one of 11 mice in this group displayed the aggregates is likely due to the inability to detect aggregates concealed in tissue folds. However, the detection of aggregates at a site distinct from the entry point indicates that ATNP travel to the scrotum where they bioaccumulate, similar to bulk metals. 27 Our observation is consistent with the report that nanoparticles are capable of self-aggregation in vivo 28 and supports studies reporting that TNP are capable of entering the systemic circulation and relocating. 29, 30 Histological analysis showed that the interstitial spaces in the testes of treated animals were enlarged after the longest period in the short-term and after up to 3 weeks in the long-term arm. At these times some of the seminiferous tubules appeared disorganized with a paucity of germ cells, corroborating the report that TNP may be endocrine disruptors. 31 Our finding of enlarged interstitial spaces with significantly increased numbers of apoptotic cells is in line with a report indicating that NP escape the blood-testis barrier and are likely to be located in the intercellular space 5, 32 where they may cause inflammation. 6, 32 Indeed evidence for an inflammatory response was detected in epididymal tissues and ELF of treated animals: there was both increased and decreased cytokine expression. (The latter may have occurred to prevent autoimmune response to sperm). Accompanying inflammation was a significant increase in germ cell apoptosis. This confirms earlier studies using larger doses of nondefined TNP 12, 16 and indicates the highly reactive nature of the anatase polymorph 8 used in the present study in much smaller doses (2.5-5 mg kg −1 BW). With respect to sperm morphology and function after ATNP treatment, the long-term and short-term arms gave different results. For the long-term, there were no significant differences between treated and controls for structural or functional characteristics. Since differences were detected in the short-term arm, our results suggest that the effects are transient, and are due to inflammation which resolves over time. It is possible that in the long-term arm affected sperm would have already passed through the epididymis at the time of analysis, consistent, with the possibility of the reversal of the effects of NP over time. 5 In the short-term arm, starting from the first day of injection, epididymal sperm were exposed to ATNP for total periods of 4, 5, or 8 days, fractions of the 14-19 days that sperm from ICR mice were shown to reside in the epididymis. 33 During this period they undergo maturational changes via the luminal environment. The finding of highly significant increases in flagellar abnormalities after ATNP exposure suggests that ATNP enter and alter the epididymal luminal environment, as evidenced by changes in the cytokine status. Although the epididymis is protected by the blood-epididymis barrier, 34 nanoparticles have demonstrated their ability to traverse biological barriers, particularly the blood-brain barrier. 7, 13, 35, 36 Since bioaccumulation of metallic compounds in the scrotum induces its effects by ROS, 27 we asked if the reduction of hyperactivated motility resulting from short-term exposure is accompanied by elevated levels of ROS and reduced MMP. We detected > 2-fold increases of ROS and increased percent of MitoTracker-negative cells in treated versus controls, showing the expected inverse relationship between ROS and MMP. Elevated ROS levels are known to cause peroxidative damage to sperm plasma membranes, 27,37 a key mechanism for motility loss. 38 They are also associated with decreased AR rates, 39 increased frequencies of ERC 25, 40 and flagellar abnormalities, all of which showed dose-response relationships in this study. At 48 h and 120 h exposures there were significant relationships between ERC frequency and the dosage of ATNP . Additionally, the size and severity of the ERC increased with dosage. The high dosage showed the highest proportion of ERC at the neck, a location indicative of failure of normal epididymal maturation with resulting infertility. 40 Interestingly, we detected a significant correlation between ERC frequency and unreacted acrosomes. This correlation suggests a novel mechanism for the infertility of sperm with ERCs. Reports that ERC in human sperm is associated with infertility 27, 40 suggest that ATNP exposure in doses comparable to those used in the present study may have a deleterious effect on human fertility via increased ERC frequency and reduced motility. Both of these are likely to be mediated by elevated ROS levels, as is the DNA damage detected by the TUNEL assay.
CONCLUSIONS
Our study clearly indicates that ATNP bioaccumulate in the scrotum where they self-aggregate and lead to testicular histopathology, while severely affecting epididymal sperm maturation and function, after 4-8 days, but not 10 days to 5 weeks, postinjection. Frequencies of flagellar abnormalities, inability to acrosome-react, ERCs, and reduced motility were elevated and accompanied by increased ROS levels in sperm of treated males. Further studies are required to determine whether sperm fertilizing ability in vivo/in vitro is affected by ATNP. Since TNP has been shown to induce photogenotoxic events in human sperm exposed in vitro, 41 our study points to a potential source of sperm defects which are known to have detrimental effects on human fertility.
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